Synonymous nucleotide variation is increasingly recognized as a factor than can affect protein expression, but the underlying mechanisms are incompletely understood. Here, we investigated whether synonymous changes could affect expression of the potassium voltage-gated channel subfamily H member 2 (KCNH2) gene, encoding the human ether-a-go-go-related gene (hERG) ion channel, which is linked to hereditary cardiac arrhythmia. We examined a previously described synthetic version (hERG-codon modified (CM)) with synonymous substitutions designed to reduce GC content, rare codons, and mRNA secondary structure relative to the native construct (hERG-NT). hERG-CM exhibited lower protein expression than hERG-NT in HEK293T cells. We found that the steady-state abundance of hERG-NT mRNA was greater than hERG-CM because of an enhanced transcription rate and increased mRNA stability for hERG-NT. Translation of hERG-CM was independently reduced, contributing to the overall greater synthesis of hERG-NT channel protein. This was partially offset, however, by a higher aggregation of a newly synthesized hERG-NT channel, resulting in nonfunctional protein. Regional mRNA analyses of chimeras of hERG-NT and hERG-CM revealed that synonymous changes in the 5 segments of the coding region had the greatest influence on hERG synthesis at both the mRNA and protein levels. Taken together, these results indicate that synonymous nucleotide variations within the coding region, particularly in the 5 region of the hERG mRNA, can affect both transcription and translation. These findings support the notion that greater attention should be given to the effects of synonymous genetic variation when analyzing hERG DNA sequences in the study of hereditary cardiac disease.
mRNA has previously been viewed as the conveyer of the genetic message, moving information passively from the genetic script, DNA, to the executor, the protein. However, information embedded in the mRNA message outside the codon sequence can alter protein synthesis and function. Codon usage potentially influences translation rate; ribosomes are suspected to move rapidly along common codons, while pausing or slowing at rarer codons and thus influencing cotranslational folding, particularly of transmembrane proteins (1) (2) (3) . mRNA structure can influence the efficiency of translation initiation and plays a role in the speed of translation elongation as well, with highly structured regions causing translation deceleration (4) . GC content has also been shown to influence protein quantity, likely due to transcription rates, where a higher GC content in the coding region of some genes leads to higher mRNA quantities (5) . These "extra-coding" features of mRNA, when disrupted, are likely to lead to changes in protein synthesis.
The KCNH2 transcript, encoding the human ether-a-go-gorelated gene (hERG) 3 protein, the ␣ subunit of a potassium ion channel with a critical function in cardiac repolarization, has unique mRNA characteristics. KCNH2 mRNA (termed hERG mRNA) carries a 66% GC content, uses numerous codons with a Ͻ10% usage frequency, and has 59 predicted complementary repeats. This gene, when mutated, also causes long QT syndrome, type 2 (LQT2), a cardiac arrhythmia disorder characterized by prolongation of the QT interval on electrocardiogram and with symptoms including palpitation, syncope, and sudden death. Research has focused primarily on the protein hERG and characterization of single nucleotide variants in KCNH2 leading to LQT2, but little attention has been focused on the importance of these interesting hERG mRNA features in protein expression and disease pathogenesis. To interrogate the role of the extra-coding features of hERG mRNA in hERG protein expression, a codon-modified hERG (hERG-CM) construct was created ( Fig. S1 ). (6) This construct decreased the GC content, removed the use of codons under 10% usage fre-quency, and reduced the number of predicted complementary repeats, all while maintaining a synonymous amino acid sequence. The hERG-CM construct produced less hERG protein than the native hERG construct (hERG-NT) and the hERG-CM protein trafficked to the surface of the cell more efficiently than hERG-NT. In this investigation, we focus on understanding the various ways that these synonymous modifications affect hERG protein production.
Here, we queried multiple steps in hERG protein synthesis as well as protein aggregation and function. We demonstrate that extra-coding features of mRNA influence transcription rate, mRNA stability, translation rate, and protein aggregation. These data highlight the various ways that synonymous change can influence protein production and suggests greater attention be paid to synonymous genetic variation in long QT syndrome pathogenesis.
Results

hERG-CM protein generated from new vector backbone consistently yields decreased protein expression compared with hERG-NT
When the hERG-CM was created, we hypothesized that the reduction of GC content and elimination of rare codons would yield higher protein expression than the native hERG (hERG-NT). The primary goal in hERG-CM construction was to reduce GC content to understand the importance of GC content in hERG synthesis (Fig. 1A) . As shown in Fig. 1B , the hERG-NT-coding region is in the 97th percentile of GC content among all gene-coding regions (Ͼ2 S.D. above the mean). However, as we reported previously (6) , hERG-NT protein was expressed at significantly higher levels in human embryonic kidney 293T (HEK293T) cells than the codon-modified version. In this investigation the hERG-NT and hERG-CM constructs were moved into a new backbone without N-terminal tags and were verified for lack of inadvertent variants by sequencing of the entire cDNA, as these features of a vector can influence hERG protein expression (7) . To confirm the findings of reduced hERG-CM protein expression in the pcDNA backbone, immunoblots were performed. The immunoblots probing lysate from HEK293T cells expressing hERG-NT exhibited ϳ2.7 times more total hERG signal than a corresponding amount of lysate from hERG-CM-expressing cells (Fig. 1C ).
To determine the mechanism behind this difference of protein expression, we embarked on an analysis of each step in the synthesis of the channel.
hERG-NT mRNA is transcribed at a higher rate, has a longer half-life, and is structurally distinct from hERG-CM mRNA
mRNA levels were queried to determine whether differences in transcript abundance could contribute to variation between hERG-NT and hERG-CM protein expression. Quantitative PCR (qPCR) results showed that hERG-NT mRNA levels are 5.3-fold higher than that of hERG-CM mRNA one-day posttransfection ( Fig. 2A and Fig. S2 ). Thus, differential mRNA production and/or mRNA degradation was occurring between NT and CM. To investigate potential differences in transcription rate between hERG-NT and -CM, a pulse experiment was performed using a 30-min 4-thiouridine exposure (5, 8 -10) . The rate of synthesis of nascent hERG-NT mRNA was at a 5.9-fold greater rate than that of hERG-CM one-day post-transfection A, characteristics of hERG-NT and the codon-modified hERG-CM construct. B, graphical representation of the fractional GC content for the CCDS of all protein-coding genes. Data were obtained from Ensembl using the GrCH37 release of the human genome. C, hERG-NT and hERG-CM expression demonstrated by a graph of immunoblot (IB) data and representative immunoblot from Western blotting analysis of lysate 2 days post-transfection show greater total protein expression for hERG-NT. Data are combined from five independent hERG-NT and hERG-CM transfections (n ϭ 5) performed to generate data used in later figures. Statistically significant difference (p Ͻ 0.0001) compared with hERG-NT as determined by a t test analysis is indicated with an asterisk.
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( Fig. 2B ). These data demonstrate that synonymous modification within the coding region can impact transcription and mRNA expression.
To examine relative mRNA stability, the half-life of the hERG-NT and hERG-CM transcripts was measured. Half-life was determined by quantification of RNA expression at various time points over 24 h after exposure to actinomycin-D. The half-life of hERG-NT mRNA was ϳ2-fold greater than that of hERG-CM (4.0 versus 2.1 h, respectively) ( Fig. 2C) 
This result indicates that synonymous modifications can affect mRNA stability.
To continue the investigation of differences in hERG-NT and -CM mRNA characteristics, we sought to test our hypothesis that modifying GC content of the mRNA had changed the structure of the mRNA. mRNA structure predictions were generated using RNAFold (11) that highlight differences between hERG-NT and hERG-CM mRNA (Fig. 2D ). hERG-NT has a lower predicted ⌬G than CM (Ϫ1620.9 kcal/mol versus Figure 2 . hERG-NT mRNA is synthesized at a greater rate, has an altered conformation, and a longer half-life than hERG-CM mRNA. A, hERG-NT and -CM mRNA expression levels 24 h post-transfection as determined by quantitative PCR. Four independent transfections were performed (n ϭ 4) with three replicate primer groups per assay. Statistically significant difference (p ϭ 0.0010) was determined by t test and indicated by an asterisk. B, rate of transcription of hERG-NT and hERG-CM determined with a 30-min 4-thiouridine pulse to label nascent mRNA synthesized 24 h post-transfection (n ϭ 3). Statistically significant difference (p ϭ 0.0209) was determined by t test and indicated by asterisk. C, results of one-phase decay analysis for hERG-NT and hERG-CM mRNA half-life determination using actinomycin-D to inhibit transcriptional 1-day post-transfection from three independent transfections (n ϭ 3) with three replicate primer groups per assay. The 12-and 24-h collections were performed at ϩ30 min in the sample 3 collection ([caret]). A bar graph represents the increases in mRNA half-life of hERG-NT compared with hERG-CM for each independent assay (inset). Statistical significance was determined by the difference in half-life values between NT and CM from three independent experiments using a t test (p ϭ 0.0001) (inset) and by comparison of curve fit analysis (regression, p Ͻ 0.001). D, minimum free energy structure prediction from RNAFold for hERG-NT and hERG-CM mRNA. Red arrows demonstrate the AUG site. Global differences in the predicted mRNA structure can be noted between hERG-NT and hERG-CM. E, circular dichroism scans of hERG-NT and hERG-CM in in vitro-transcribed mRNA (n ϭ 3). hERG-NT has a higher peak intensity than the hERG-CM peak. F, difference between the hERG-NT and hERG-CM CD spectra across the 320 -200-nm wavelength.
Ϫ1229.9 kcal/mol respectively), indicating more stable structure present in the hERG-NT mRNA. To confirm global differences in mRNA structure, circular dichroism (CD) was utilized. Both hERG-NT and hERG-CM CD profiles demonstrated RNA folded into A-form helices (noted by a positive peak at ϳ260 nm and a negative peak at ϳ210 nm) (12, 13) and difference in nucleic acid composition can be noted due to a subtle shift in peak maximum amplitude (hERG-NT peak is located at 265.3 nm and hERG-CM peak is at 264.1 nm). The predicted global differences in hERG-NT and hERG-CM mRNA structure ( Fig. 2D) were consistent with the mRNA CD results (Fig. 2 , E and F), indicating increased base stacking and base interaction in the hERG-NT mRNA (14, 15) , shown by an increase in peak amplitude of the hERG-NT CD spectrum when compared with the hERG-CM spectrum. This confirms that synonymous variation in the coding region can affect mRNA structure.
hERG-NT protein is translated at a greater rate than hERG-CM protein
After confirming there were significant differences in hERG-NT and -CM mRNA characteristics, we investigated whether differences in protein expression were solely related to differences in mRNA quantity. To test this, equal amounts of hERG-NT and hERG-CM in vitro transcribed mRNA were transfected into HEK293T cells, and immunoblots were performed to probe protein production. Transfecting an equal amount of mRNA resulted in 2.4 times more hERG-NT than hERG-CM protein production 13 h post-transfection ( Fig. 3A) . This suggests hERG-NT mRNA is translated more efficiently than hERG-CM. To gain insight into the translation rate for hERG-NT and -CM, pulse experiments utilizing click-chemistry (16, 17) were performed monitoring the rate of nascent hERG synthesis. Cells transfected with the same amount of hERG-NT or -CM plasmid synthesize hERG-NT protein at an A, graph of immunoblot data and representative immunoblot of hERG-NT and -CM protein expression after transfection with in vitro-transcribed mRNA from three independent transfections (n ϭ 3). These data show increased hERG total protein expression from hERG-NT mRNA when compared with hERG-CM mRNA. Statistically significant difference (p Ͻ 0.0001) compared with hERG-NT as determined by a t test analysis is indicated with an asterisk. B, graph and representative immunoblot of an AHA pulse of varied time of hERG-NT and -CM protein production from three independent transfections (n ϭ 3). A bar graph representing the increases in the rate of protein synthesis of hERG-NT compared with hERG-CM for each independent assay (inset). More nascent hERG-NT than hERG-CM protein production was detected 1-day post-transfection. Statistically significant difference (p Ͻ 0.0001) compared with hERG-NT as determined by a t test analysis is indicated with an asterisk.
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ϳ7.8-fold greater rate than that of hERG-CM ( Fig. 3B ). Thus, enhanced translation of hERG-NT over hERG-CM is supported (7.8-fold increased protein synthesis versus 5.9-fold mRNA synthesis). These results, taken together with our prior demonstration that hERG-NT was more robustly produced with a cell-free in vitro translation system (6) , indicate that synonymous modification can impact protein synthesis at the translation level.
hERG-CM protein trends toward a longer half-life than hERG-NT protein
Because protein expression is determined by both production and degradation, we examined the protein stability of hERG-NT and hERG-CM. We measured half-life values for the two variants utilizing a pulse-chase with click-chemistry (16, 17) . To decrease the likelihood that the total amount of protein influenced half-life calculation, cells transfected with hERG-CM were transfected with 500 ng of plasmid, whereas cells transfected with hERG-NT were exposed to 125 ng of hERG-NT DNA. This allowed for total protein abundance of hERG-NT and hERG-CM to be equal at the beginning of the pulse-chase experiment. The half-life of hERG-CM was twice that of hERG-NT (3.5 versus 1.8 h, respectively) ( Fig. 4 ) indicating that the hERG-NT channels trended toward being more transient than hERG-CM channels. In addition, two independent assays performed with N-terminally tagged hERG-NT and -CM constructs both demonstrated subtle increases in hERG-CM half-life compared with that of hERG-NT ( Fig. S3 ).
hERG-NT aggregates following translation at a higher rate than hERG-CM
We sought to investigate other factors that could contribute to differences in hERG-NT and hERG-CM protein abundance outside of the hERG protein half-life. Both the mRNA transfection of HEK293T cells and previous polysomal profiling data (6) indicated that hERG-NT mRNA is translated at a greater rate than that of hERG-CM, yet only ϳ3-fold more hERG-NT protein than hERG-CM protein is observed. We hypothesized that some hERG-NT protein may potentially aggregate following translation. hERG protein experiences aggregation, ER retention, and subsequent destruction (18 -20) . These processes are increased due to certain LQT2 pathogenic variants. hERG-NT protein aggregation would lead to under-representation of the true amount of channel protein production as measured by standard SDS-PAGE and immunoblotting techniques. To determine whether the hERG-NT and/or hERG-CM protein was aggregating after lysis with the NDET lysis buffer (NDET (buffer): 1% IGEPAL (CA-630), 0.4% deoxycholic acid, 5 mM EDTA, 25 mM Tris, 150 mM NaCl, pH 7.5), we extracted the pellets obtained from NDET lysis with a more stringent lysis buffer (1.5% SDS) (19) . This allowed for quantification of the amount of hERG-NT and hERG-CM protein that was aggregating with NDET lysis. Protein detected in the NDET lysis was deemed "soluble protein," and protein detected in the SDS buffer extraction of the pellet was deemed "insoluble protein." hERG-NT was abundantly detected in the insoluble fraction, whereas hERG-CM protein exhibited significantly less signal in the insoluble fraction ( Fig. 5A ). The protein found in the insoluble fraction is nonfunctional protein that has aggregated prior to full assembly and trafficking to the cell surface (19, 21) .
To determine whether the increased propensity of hERG-NT to aggregate was intrinsic to hERG-NT protein expression or solely due to higher levels of protein expression relative to hERG-CM, we decreased the hERG-NT protein expression to mirror hERG-CM protein levels. By reducing the hERG-NT plasmid transfection by 4-fold, the NDET-soluble abundance of hERG-NT and -CM achieved comparable levels ( Fig. 5B ). Under these conditions hERG-NT protein continued to appear in the NDET-insoluble phase more than hERG-CM. To gain 
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insight on the proportion of hERG-NT or hERG-CM associating with the soluble versus the insoluble fraction, cells were transfected with hERG-NT or hERG-CM plasmid or a reduced amount of hERG-NT plasmid (25% of other transfection) and then directly lysed in either NDET or 1.5% SDS. Lysing with either buffer resulted in similar detection levels of hERG-CM suggesting minimal hERG-CM aggregation into the insoluble fraction, whereas only 33% of the total hERG-NT signal appeared in the soluble fraction. Reducing the level of hERG-NT plasmid still resulted in only 45% of the total hERG-NT signal being detected in the soluble fraction ( Fig.  5C ). This supports the concept that hERG-NT has a greater propensity to aggregate than hERG-CM. This demonstrates that synonymous modification of the coding sequence can Results are from three independent transfections (n ϭ 3). Differences in soluble protein expression and aggregated protein between hERG-NT and hERG-CM are statistically significant (p Ͻ 0.05) as determined by a t test and indicated with an asterisk. B, graph and representative immunoblot demonstrating the soluble and insoluble protein expression for hERG-NT and hERG-CM. In this assay, the hERG-NT total protein expression was more comparable with hERG-CM expression, which was achieved by decreasing the amount of hERG-NT plasmid to 0.25ϫ. Results are from three independent transfections (n ϭ 3). hERG-CM aggregation is significantly lower than hERG-NT from the same lysis conditions as determined by a t test analysis (p Ͻ 0.05) and indicated with an asterisk. C, graph and representative immunoblot analysis from cells transiently transfected with hERG-NT or hERG-CM construct and lysed with NDET or SDS buffer. Graph represents the percentage of total (SDS lysis) hERG protein signal present in the NDET-soluble lysis condition. Results are from three independent transfections (n ϭ 3) with one of the transfections being performed in duplicate. Statistically significant differences compared with hERG-NT determined with an ANOVA analysis followed by the Dunnett's post hoc test are indicated with an asterisk (p Ͻ 0.05).
affect the hERG protein product at co-translational or posttranslational stages of synthesis.
Interestingly, co-expression with FLAG-tagged KCNE1 or KCNE2 augmented hERG-CM expression while having no noticeable effect on hERG-NT ( Fig. 6 ). KCNE2, which has previously been demonstrated to exhibit a greater degree of surface expression than KCNE1 (22) , appears to promote the most substantial increase in hERG-CM expression. This result along with the observation that hERG-CM does not have a propensity to aggregate lends evidence that synonymous modification of the hERG protein may affect innate hERG protein characteristics such as aggregation and protein-protein interactions.
Electrophysiology profiles of hERG-NT and hERG-CM demonstrate subtle differences in I Kr parameters
hERG is an essential protein component of the rapidly activating delayed rectifier potassium current (I Kr ), a current partially responsible for the repolarization of the heart. Because hERG forms an ion channel, we can investigate the function of these two synonymous proteins with the precision inherent in voltage-clamp current measurements. Both hERG-NT-and hERG-CM-expressing cells were subjected to whole-cell patch-clamping to determine channel activation, current density, and deactivation characteristics. Fig. 7A shows representa- Figure 6 . KCNE1 and KCNE2 augments hERG-CM expression. hERG expression is demonstrated by a graph of hERG immunoblot data and representative immunoblot from Western blot analysis of lysate (from NDET lysis) is 2 days post-transfection. Results were obtained from three independent transfections (n ϭ 3) transfecting HEK293T cells in 6-well dishes at ϳ60% confluency with 282 ng of hERG construct and 718 ng of N-terminal FLAG-tagged KCNE1, N-terminal FLAG-tagged KCNE2, or GFP. The FLAG-tagged constructs were detected with anti-FLAG M2 antibody (catalogue no. F1804, Sigma) used at 1:1000. hERG-CM expression was significantly augmented when co-expressed with KCNE1 or KCNE2 compared with GFP, p ϭ 0.0146 or 0.0018, respectively, as determined by a two-way ANOVA followed by the Sidak's multiple comparison test and indicated with a number sign (#).
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tive hERG-NT and hERG-CM current traces during an activation protocol. hERG-CM-expressing cells had significantly lower current density than hERG-NT (p ϭ 0.036) ( Fig. 7B) , which reflects the lower total protein amounts as expected. Voltage dependence of activation (VDA) (Fig. 7C ) showed V1 ⁄ 2 for hERG-NT at Ϫ7.182 Ϯ 0.9453 mV and the V1 ⁄ 2 for hERG-CM at Ϫ0.6763 Ϯ 0.4098 mV. This right shift in hERG-CM voltage dependence of activation was significantly different from the hERG-NT VDA (p Ͻ 0.001). Thus, synonymous modification in hERG-CM is associated with a depolarizing shift in its dependence on voltage for channel activation. This could imply differences in the state of the protein folding or differences in the channel interactions.
Another important biophysical characteristic of the I Kr current is a slow deactivation rate. Although both hERG-NT and hERG-CM demonstrated typical slow deactivation as seen in Figure 7 . hERG-CM exhibits altered electrophysiology properties. Electrophysiology profiles of hERG-NT and hERG-CM activation and deactivation were obtained using whole-cell patch-clamping. A, these images demonstrate representative activation traces for both hERG-NT and hERG-CM. See under "Results" for description of protocol. B, graphical representation of current density, obtained by measuring peak tail current and normalizing to the capacitance of the cell. hERG-NT current density is significantly higher than that of hERG-CM (hERG-NT, mean ϭ 153.70, and hERG-CM, mean ϭ 89.47; results are from 12 cells expressing hERG-NT from three independent transfections, and 16 cells expressing hERG-CM were obtained from 1 transfection). Statistically significant differences (p Ͻ 0.05) compared with hERG-NT as determined by a t test analysis are indicated with an asterisk. C, graphical representation of hERG-NT and hERG-CM dependence on voltage for activation. hERG-CM demonstrates a significantly depolarizing shift in voltage dependence of activation (V1 ⁄2 ϭ Ϫ0.68 Ϯ 0.41) when compared with the voltage dependence of hERG-NT (V1 ⁄2 ϭ Ϫ7.2 Ϯ 0.95); results are from six cells expressing hERG-NT from two independent transfections and 16 hERG-CM cells obtained from one transfection. Significance was determined by comparison of fits after nonlinear regression (p Ͻ 0.001) and is represented by an asterisk. D, representative trace shown for hERG-NT and hERG-CM deactivation profile. See protocol under "Results." E, these graphs represent the slow and fast deactivation constants of hERG-NT and hERG-CM. There is a trend in both the slow and fast toward faster deactivation by hERG-CM. These differences were not significant when analyzed using multiple t test (all p values Ͼ 0.05). F, graph represents the contribution of fast toward total deactivation and demonstrates that hERG-CM trends toward fast contributing more to the overall deactivation profile. Results shown in E and F are from nine cells expressing hERG-NT from two independent transfections and five cells expressing hERG-CM from one independent transfection. These differences were not significant when tested using multiple t test (all p values Ͼ 0.05).
the representative traces in Fig. 7D , there were trends toward differences in the time constants. Although deactivation differences were not significant, the fast for hERG-CM from Ϫ20 to Ϫ75 mV trends faster than that of hERG-NT ( Fig. 7E) . When comparing the relative contribution of the fast to overall deactivation ( Fig. 7F ), there is a trend toward greater fast contribution in hERG-CM in the higher voltage range. This, paired with the significant difference in VDA, may suggest slight differences in the folded state of hERG-NT and hERG-CM protein.
Chimeras of hERG-NT and hERG-CM demonstrate the importance of the 5-coding region in protein synthesis
To investigate the relative contributions of regional synonymous modification on channel protein synthesis, we utilized a series of chimeras previously described (6) to assess total protein expression ( Fig. 8A ). hERG-NT and hERG-CM constructs were divided into thirds, and chimeras were generated (N represents hERG-NT, C represents hERG-CM nucleotides). These chimeras were cloned into the pcDNA vector backbone, and protein expression was again interrogated using immunoblots. Expression patterns were consistent with previously reported results (6) . To investigate the relative contribution of each region to overall protein expression, the average protein expression was taken for NT and CM at each position. For example, the "first" position is comparing the average protein expression of NNC, NCN, and NCC (chimeras containing the first third of NT) with CNC, CNN, and CCN (chimeras containing the first third of CM). In this analysis, the 5Ј third of the mRNA appeared to have the greatest influence on protein translation (Fig. 8, B and C) because the presence of the hERG-NT sequence in the 5Ј region yielded higher protein expression regardless of the composition of the remaining twothirds of the protein.
hERG is a relatively large protein (1159 amino acids from 3480 coding nucleotides), and although we determined that the first third of the construct was most crucial in contributing to protein translation, we were interested in further localizing this region of importance. When evaluating the 5Ј-coding segment of both hERG-NT and hERG-CM plasmids, we noted local differences between both GC content (71% in hERG-NT and 47% in hERG-CM) and codon usage frequency (many more frequent codons in hERG-NT relative to hERG-CM) in the first 51 nucleotides that exceeded the differences between the hERG-NT and hERG-CM constructs as a whole. To determine whether the effects noted in the previous chimera could be recapitulated with only the first 51 nucleotides, we constructed chimeras made of hERG-NT and hERG-CM in which the first 51 nucleotides of each variant were replaced with the corresponding region from the counterpart (Fig. 8A) . In both instances, the first 51 nucleotide fragment tended to promote the channel synthesis phenotype of the construct from which it originated, in both mRNA and protein expression ( Fig. 8, D and E) . When the first 51 nucleotides of hERG-CM were put into the hERG-NT construct, mRNA expression decreased significantly from the hERG-NT mRNA. When the first 51 nucleotides of hERG-NT were incorporated into the hERG-CM construct, the mRNA expression trended toward an increase relative to hERG-CM mRNA expression. The expression of the hERG-NT and hERG-NT51 proteins was not significantly different, but both had significantly higher protein expression than hERG-CM. This provides evidence to the hypothesis that synonymous modification in localized regions of the cDNA of hERG can influence synthesis both at the mRNA and protein levels and that the 5Ј-coding region, specifically the first 51 nucleotides, of hERG is essential in maintaining native mRNA and protein expression profiles.
Discussion
The potassium channel hERG, encoded by KCNH2, is essential for normal cardiac repolarization. Disruption by mutation or other mechanisms results in long QT syndrome type 2, a potentially deadly cardiac arrhythmia disorder. In this study, we sought to investigate whether synonymous modification of KCNH2 could impact hERG protein expression. We had previously demonstrated that hERG-CM had reduced protein expression relative to hERG-NT and that hERG-CM trafficked more efficiently to the cell surface than hERG-NT. In this investigation, we sought to focus on the mechanisms underlying the reduction of hERG-CM protein expression. We studied each aspect of hERG protein synthesis, from transcription to function of the final channel product. We hypothesized that the nucleotide modifications of hERG-CM, while synonymous, could impact each step of synthesis. We found that hERG-NT has a 5.9-fold increase in transcription rate relative to hERG-CM and that the hERG-NT mRNA half-life is approximately double that of the hERG-CM mRNA. Furthermore, hERG-NT protein expression is 2.4-fold greater than that of hERG-CM when evaluated using RNA transfection studies. We observed that hERG-CM trends toward a longer protein halflife, approximately double that of the hERG-NT protein, and that greater than 50% of the hERG-NT protein translated aggregates into nonfunctional protein. These results are summarized in Fig. 9 .
The most substantial difference in synthesis observed between hERG-NT and hERG-CM was noted at the level of transcription. The hERG-NT construct (66% GC) has 161 GC runs (Ն8 nucleotides) that were largely abolished in hERG-CM (51% GC) (6) . Accordingly, we hypothesized that reduced hERG-CM transcription may be due to differences in GC content. It has been shown that higher GC content is correlated with increased transcription and mRNA levels (5, 23) , which are hypothesized to cause changes in RNA polymerase II (pol II) translocation rates during elongation steps in mRNA transcription. Experimental studies have shown that pol II pauses and backtracks more and for longer periods of time when transcribing AT-rich sequences (24) . It has also been hypothesized that codon bias evolved in collaboration with transcription machinery to prevent premature termination and to allow for optimal gene expression (25). Although the mechanism for differences in transcription are not established for hERG-CM and hERG-NT, it is clear that synonymous modification of the codon sequence greatly affects transcription rate.
We also observed that hERG-NT mRNA had a longer halflife than hERG-CM mRNA. Synonymous variation in other mRNA has been shown to alter mRNA stability. A synonymous
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variant in the dopamine receptor D2 (DRD2) gene resulted in an mRNA that had a shorter half-life than its WT counterpart and was associated with phenotypes such as schizophrenia and alcoholism (26) . A synonymous variant in Corneodesmin (CSDN) caused an increase in mRNA half-life and was associated with a psoriasis phenotype (27) . Although an exact mech-anism defining mRNA stability has not been established, it has been shown that less optimal codon use has been shown to result in mRNA with shorter half-lives (28, 29) . There is also evidence that the process of translation itself governs mRNA stability and mRNA decay (30 -32) . Although rare codons (Ͻ10% usage frequency) were eliminated in hERG-CM, the hERG-NT and hERG-CM constructs were divided into thirds, and chimeras were generated (N represents hERG-NT, and C represents hERG-CM nucleotides). A, cartoon representation of the chimeras investigated in this experiment. B, right, representative immunoblot for total protein expression of the chimera. Left, graphical representation of total protein expression for each chimera. Significance was determined through the ANOVA analysis (p Ͻ 0.05) from the results of four independent transfections (n ϭ 4). C, expression of each region of the chimera (N-terminal third, transmembrane domain (TMD) third, and C-terminal third) was averaged and compared with the total protein expression of hERG-NT (i.e. 1 on this graph ϭ amount total protein hERG-NT). When NT is in the first third of the chimera, there is a significant increase in protein expression over total protein expression with CM in the first third of the chimera. Statistical significance was determined by t test (p Ͻ 0.05). D, mRNA levels of the variants detected 1-day post-transfection are shown. E, right, representative immunoblot of transiently transfected NT51 and CM51 chimeras. Left, graphical representation of total protein expression for each chimera. Total protein expression for each of these chimeras was determined from cells transiently transfected for 2 days. Statistically significant differences (p Ͻ 0.05) compared with NT (for B, D, and E) determined with ANOVA followed by the Dunnett's post hoc test are indicated with an asterisk, whereas statistically significant differences (p Ͻ 0.05) compared with CM were determined with ANOVA followed by the Dunnett's post hoc test are indicated with a number sign (#).
decreased GC content required that some more favored codons were changed to less favored codons. This resulted in an overall reduced codon adaptation index (CAI) of the hERG-CM. CAI is a measure of deviation of codon usage in a gene of interest relative to a reference set of highly expressed genes (33) . The CAI of hERG-NT is 0.82, and the CAI of hERG-CM is 0.74 (with most optimized gene being 1). This reduction in overall codon frequency may have caused this observed change in mRNA stability, due to the codons themselves or due to the impact these codons have on translation.
The combined increase in transcription and increase in halflife of hERG-NT mRNA resulted in higher hERG-NT mRNA quantity in preparation for translation. This decrease in hERG-CM mRNA levels is likely not attributed to an inability of hERG-CM plasmid to transfect the cells or a toxic effect induced by hERG-CM transfection as GFP co-transfected with hERG-CM exhibited higher expression levels than when cotransfected with hERG-NT ( Fig. S4 ).
Not only were there differences in mRNA levels, we also noted differences in the rate of translation, with hERG-NT being translated faster than hERG-CM, even when normalizing for mRNA abundance. We hypothesize that changed mRNA structure and an overall decrease of codon frequency in hERG-CM resulted in a changed pattern of ribosomal movement across the transcript, causing a decrease in translation efficiency. This agrees with previous data from Sroubek et al. (6) , which demonstrated a decreased ribosomal occupancy on the hERG-CM transcript determined by polysomal profiling and a decreased in vitro protein production rate.
With the increase in mRNA combined with a higher translation rate for hERG-NT, we would expect to observe significantly higher differential protein expression between hERG-NT and hERG-CM. However, after translation, it was noted that the hERG-CM protein trended toward a longer half-life than hERG-NT and that more than half of the hERG-NT protein produced was partitioned into an insoluble fraction of the cell lysate rather than becoming functional hERG protein.
Unlike hERG-NT, the majority of nascent hERG-CM remains in the soluble fraction where it undergoes complex glycosylation and trafficking to the cell surface (6, 34) . Native hERG protein has a propensity toward aggregation and misfolding that is exacerbated by nonsynonymous pathogenic variants, resulting in LQT2 (6, (35) (36) (37) (38) (39) (40) . There have not been previous variants that demonstrate a decrease in protein aggregation, but the observations here support the hypothesis that a changed ribosomal movement pattern across the hERG-CM transcript results in a slightly altered final folded conformation that promotes decreased ER aggregation and improved trafficking (6), potentially through improved contact with other proteins, as seen in the increased protein expression of hERG-CM after interaction with KCNE1 and KCNE2. The differential association between hERG-NT and hERG-CM is also interesting; hERG-CM has improved expression with both KCNE1 and KCNE2, but hERG-NT has been shown to preferentially interact with KCNE1. KCNE2 seemed to interact with the hERG channel present at the cell surface (22) . These protein-protein interactions will need to be further investigated but suggest differences in hERG-NT and hERG-CM protein structure. The combination of these observed differences at the transcriptional, translational, and post-translational states resulted in the ϳ2.7-fold increase of hERG-NT protein expression over the hERG-CM protein noted in Fig. 1 .
Subtle differences in the electrophysiology profiles of the hERG-NT and hERG-CM channels also contribute to the evidence that there may be differences in the folding of the two proteins. Previous electrophysiology comparison of the hERG-CM and hERG-NT channels only investigated the activation of the channel (6) . Current density was lower for hERG-CM, consistent with our findings. Lower current density for hERG-CM was not unexpected, due to decreased protein expression for hERG-CM. Interestingly, the difference in current density is much less than the difference in protein expression between hERG-NT and hERG-CM (a 1.7-fold difference in current density versus a 2.7-fold difference in protein expression). This can be explained through the previous observation that hERG-CM traffics more efficiently to the surface of the cell (6) . Thus, even though there is less protein produced, there is a higher proportion of functional channels presenting to the surface. Also, in the study by Sroubek et al. (6) , the hERG-CM VDA was slightly hyperpolarized relative to hERG-NT. This is likely Figure 9 . This is a graphical summary of the differences found at each step of synthesis between hERG-NT and hERG- CM (above the dashed line) . The summation of these findings results in steady-state NDET-soluble protein expression (represented below the dashed line) of hERG-NT ϳ2.7-fold greater than that of hERG-CM detected on immunoblot as shown in Fig. 1 .
due to the presence of the N-terminal Myc epitope tag on the hERG constructs, which has been shown to cause hyperpolarization of the hERG VDA (7) , but it still supports the observation that there are slight differences in the hERG-NT and hERG-CM folded structures, resulting in differences in the voltage dependence of activation. In this investigation, deactivation of the hERG-CM and hERG-NT channels was queried and demonstrated slight differences in the speed of deactivation that supports a slightly altered structure between hERG-NT and hERG-CM channels.
Taken together, the data presented in this study indicate that synonymous modification in the coding region can impact each level of synthesis: transcription, translation, mRNA, protein half-life, and protein folding. It also suggests that the mRNA characteristics such as GC content and codon usage observed in KCNH2 play an important role in regulation and expression of the native hERG protein.
Previous studies have focused on individual aspects of synthesis when studying how synonymous changes at the DNA level can alter the protein product and have effects on the protein function. There are numerous proposed mechanisms through which these changes occur centered around changes in GC content, mRNA structure, codon usage bias, and mRNA stability (2, 4, 5) . Most hypotheses center on the effect of these synonymous changes affecting the process of either transcription, through changes in pol II processing, or translation through ribosomal pausing or stalling. One mechanism that would change protein production rates, as well as mRNA t1 ⁄ 2 , is that of no-go decay (41) (42) (43) (44) , in which an event such as stable mRNA structure or rare codons cause a ribosomal stall, leading to ribosomal pile-up. The ribosome is removed from the transcript, and the transcript is degraded. Although we cannot yet determine which of these mechanisms contribute the most to changes in the hERG protein expression due to extreme synonymous modification, we were able to use chimeras to narrow down the region of importance. Using chimeras focusing on the proximal third and then the proximal 51 bp, we were able to show that the 5Ј region of the coding sequence of hERG-NT is able to confer mRNA and protein expression comparable with hERG-NT. The initial coding bp have been hypothesized to play a role in translation efficiency, although the exact mechanism through which this occurs is unknown, and most research has focused on prokaryotic systems (45) . Evidence suggests that excessive mRNA structure in the initial nucleotides of a coding sequence has been detrimental to translation (46) . Others have hypothesized that rare codon usage bias (47) or enhanced secondary structure (48) in the initial codons of a coding sequence could augment translation by reducing the likelihood of ribosome jamming immediately downstream of the initiation site. Here, we demonstrate in a eukaryotic system that the first 51 nucleotides of the coding sequence of KCNH2 play an important role in hERG protein production. We hypothesize that the first 51 bp of hERG-NT is able to confer its phenotype in a method primarily mediated through GC content, which increases transcription and mRNA stability, but more investigation is needed to confirm this hypothesis.
Limitations of this study must be noted. This study does not take into account tRNA concentrations in cardiomyocytes, so some codons we have determined as "rare" may not have a limited tRNA pool in cardiomyocytes. In addition, this study uses only cDNA constructs, and it thus does not take splicing into account as another mechanism that could be affected by synonymous modification. Also, the hERG-NT and hERG-CM constructs share identical Kozak sequences and upstream and downstream untranslated regions (UTRs), allowing a focus to be placed on the role of synonymous modification in the coding sequence. However, both the 5Ј and 3Ј UTR may have significant regulatory roles in mRNA regulation and protein expression. How untranslated regions of hERG mRNA can affect these synonymous coding region variations is an important area of future investigation.
The results in this study demonstrate that synonymous modification can affect hERG protein production and function. This suggests there may be a role of synonymous nucleotide variation in long QT syndrome type 2 pathogenesis. Genetic variation responsible for LQTS is generally determined by sequencing of the candidate gene exons and reporting only missense or insertion/deletion mutations. Approximately 25% of patients diagnosed with LQTS do not exhibit such genetic DNA changes (49) . Furthermore, there is considerable variation in penetrance of LQTS that is not entirely understood. Presently, synonymous variants are not reported unless they are predicted to alter mRNA splicing. Our study, along with mounting evidence from others, increasingly lends support that synonymous changes at the DNA level can alter protein expression. Such variation has the potential to modify severity or penetrance of genetic disease or even be responsible for a disease phenotype. Moric-Janiszewska and Glowacka (50) have provided evidence that some patients with no identifiable genetic variant responsible for their clinical LQTS have been reported to have significantly less KCNH2 mRNA than the control population. This could be due to decreased mRNA transcription or half-life. Whether synonymous variation existed in hERG is not known, but it could play a role in the expression changes noted. A better understanding of the impact of individual synonymous variants in KCNH2 could result in more precise genetic analyses of disease and may reduce the fraction of patients who test "negative" for a genetic etiology of their LQTS (49) .
Here, we demonstrate multiple ways in which synonymous hERG variation can alter transcription, mRNA half-life, translation, protein stability, and protein function. Thus, past and future synonymous variants identified in clinical conditions do not merit automatic designation as "benign" and should be considered carefully.
Experimental procedures
Molecular biology
hERG-NT (GenBank TM accession number: NM_000238.3) or hERG-CM cDNA was cloned into pcDNA 3.1ϩ (Invitrogen, ThermoFisher Scientific, Waltham, MA) using BamHI (5Ј) and XbaI (3Ј) restriction enzymes (New England Biolabs, Ipswich, MA). As described previously (7) , the constructs contain a Kozak sequence (GCCACC) immediately preceding the start codon. The super-folder GFP (sfGFP) plasmid used in the qPCR experiments was generated from a plasmid obtained through
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GenBank TM accession number U55762. The sfGFP-pcDNA 3.1 plasmid was generated by digesting out the gene using BamHI/ XbaI and inserting the sfGFP into the pcDNA 3.1 vector. The hERG-NT51 and hERG-CM51 plasmids were created by ATUM bio (Newark, CA). The NCC, NCN, NNC, CCN, CNN, and CNC hERG constructs originally generated by Sroubek et al. (6) were moved into pcDNA 3.1ϩ, and inadvertent mutations V198E/P202L (7, 51, 52) were removed. Sanger sequencing services from Genewiz (South Plainfield, NJ) were used to confirm the validity of the constructs. Alignment of the two nucleotide sequences was performed using Geneious Software (version 9.1.7) (53) . Alignment of the hERG-NT and hERG-CM amino acid sequences was performed using Clustal Omega Web Services (54 -56).
Cell culture
HEK293T cells were maintained in Roswell Park Memorial Institute 1640 medium (RPMI) (Hyclone, GE Healthcare) supplemented with 10% fetal bovine serum (Hyclone) and 10,000 IU penicillin/streptomycin (Hyclone). Cells were cultured in a humidified incubator at 5% CO 2 and 37°C. Transfection grade plasmid was generated using either the PureYield TM plasmid miniprep system (catalogue no. A1223, Promega, Madison, WI) or the HiSpeed plasmid midi kit (catalogue no. 12643, Qiagen, Hilden, Germany). A nanodrop was used to determine plasmid concentration. Standard plasmid transfections were done using FuGENE 6 (catalogue no. E2692, Promega) (10 l per 60-mm dish, 4 l per well of a 6-well dish, or 2 l per well of a 12-well dish) in a 1:8 DNA (g)/FuGENE 6 (l) ratio. The transfection solution was replaced with cell growth media the day following the transfection, unless the end point of the assay was 1 day or less following the transfection.
Western blotting
Cells were lysed 2 days post-transfection in NDET buffer (1% IGEPAL (CA-630), 0.4% deoxycholic acid, 5 mM EDTA, 25 mM Tris, 150 mM NaCl, pH 7.5) supplemented with complete protease inhibitor (Roche Diagnostics, Basel, Switzerland) or in SDS lysis buffer (1.5% SDS, 20 mM Tris-HCl) where noted. The 48-h time point for protein expression was determined by examining protein expression 24, 48, and 72 h post-transfection. The highest protein signal for both hERG-NT and hERG-CM protein was found at 48 h post-transfection, but the difference in expression levels was consistent over the 72-h period (data not shown). Following lysis, the cell lysate was cleared by centrifugation at 21,000 ϫ g. Protein concentration was determined using the Pierce TM detergent compatible Bradford assay reagent (catalogue no. 23246, ThermoFisher Scientific). 20 -50 g of lysate combined with 4ϫ SDS-PAGE sample loading buffer with DTT was heated at 37°C for at least 30 min and subsequently loaded and separated in a 7.5% SDS-polyacrylamide gel. The protein was transferred to 0.22-m nitrocellulose membranes (catalogue no. 1620097 (Bio-Rad)), and REVERT stain (catalogue no. 92611015, Li-Cor, Lincoln, NE) was used to normalize for protein loaded. The membrane was then blocked with a solution of 50% Odyssey blocking buffer (TBS) (catalogue no. 927-50000, Li-Cor) and 50% TBS-T (TBS containing 0.5% Tween 20). Primary hERG antibody (catalogue no. SC-20130, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was prepared in blocking solution at 1:500 or 1:1000 and then incubated with the membrane overnight at 4°C. The following day, the membrane was washed with TBST and incubated with IRDye 800CW donkey anti-rabbit secondary antibody (catalogue no. 925-32213, Li-Cor) in blocking buffer at 1: 10,000 at room temperature and subsequently washed with TBST. Images were obtained using an Odyssey FC or CLX imaging system (Li-Cor) or a GE Typhoon imager (GE Healthcare).
Determination of GC content of all coding regions of human genes
To determine GC content for all coding regions of human genes, first the human coding genome (only coding regions of human genes) was downloaded from the Ensembl database (version GrCH37). Then BEDTools nuc (57) was used to calculate the per gene GC content of the consensus coding sequence (CCDS) for each gene of the genomes. The GC content per CCDS, highlighting hERG-NT and hERG-CM, was graphed in GraphPad Prism.
Quantification of mRNA level
RNA for qPCR analysis was extracted from cells plated in 12or 6-well plates ϳ24 h post-transfection with either hERG-NT or hERG-CM and transfected in a 1:3 ratio (GFP: Gene of interest). The 24-h time point was used because both hERG-NT and hERG-CM mRNA levels from the transient transfection were low at the 48-h mark, which coincided with other data demonstrating significant decrease in hERG protein expression after 48 h post-transfection. RNA was isolated using the RNeasy kit (catalogue no. 74104, Qiagen), and cell lysate was homogenized using the QiaShredder (catalogue no. 79654, Qiagen), and the optional on-column DNase treatment was performed. RNA was converted to cDNA using the SuperScript VILO cDNA synthesis kit (catalogue no. 11754050, ThermoFisher Scientific). 2 g of total RNA was converted to cDNA. cDNA was diluted 1:200, and qPCR was performed using unique primers directed at specific gene targets created by Integrated DNA Technologies (IDT, Coralville, IA), hERG-NT, hERG-CM, actin, and GFP. Because of the absence of conserved stretches of base pairs between the two constructs long enough to generate real-time PCR primers capable of annealing to both variants, we opted to utilize multiple pairs of primers targeting the corresponding sites on the mRNA of the two constructs. See Table S1 for primer sequences. qPCR was performed using 4.5 l of 1:200 diluted cDNA (or 1:20, or 1:2000 in the primer efficiency calculations), 5 l of SYBR Green (catalogue no. 4367659, Applied Biosystems, Foster City, CA), and 0.5 l of 5 M primer. qPCR was run on the StepOnePlus system (Applied Biosystems) in a 96-well plate (Applied Biosystems). The reaction cycle was as follows: 98°C for 10 min then 95°C for 15 s, 60°C for 1-min run for 40 cycles, followed by a melt curve. All samples were performed in triplicate. Slope for primer efficiency is calculated across three dilutions of template. Primer efficiency (PE) was then calculated using the following formula: PE ϭ 10 Ϫ[slope] . Primer efficiency is then used to calculate mRNA quantity using: PE ϪCt . Graph Pad prism was used for statistical analysis.
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Rate of nascent mRNA production
To determine the rate of nascent mRNA hERG-NT and hERG-CM production, the protocol from Newman et al. (5) was modified. 60-mm dishes of HEK cells were transfected 1:3 (GFP: gene of interest) with either hERG-NT or -CM. 24 h post-transfection, cells were exposed to 4-thiouridine (catalogue no. T4509-25MG, Sigma) for 30 min. Total RNA was then harvested, and RNA was isolated using RNeasy mini kit (catalogue no. 74104, Qiagen); RNA was then labeled with EZ-Link HPDP-Biotin (catalogue no. 21341, ThermoFisher Scientific), and RNA was purified with Zymo RNA Clean and Concentrator-25 (catalogue no. R1017, Zymo, Irvine, CA). Biotin-labeled RNA was then isolated with streptavidin magnetic beads (catalogue no. S1420, New England Biolabs) and eluted in 5% 2-mercaptoethanol. Isolated RNA was then cleaned up using Zymo RNA Clean and Concentrator-5 kit (catalogue no. R1015, Zymo). 1 g of total RNA was then converted to cDNA using the SuperScript VILO cDNA synthesis kit (catalogue no. 11754050, ThermoFisher Scientific), and the qPCR protocol as described above was followed.
mRNA structure prediction
RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/ RNAfold.cgi) 4 was used to generate hERG-NT and hERG-CM mRNA structure and free energy predictions. This software predicts structure using minimum free energy calculations based on the mRNA sequence (11, 58) .
Circular dichroism spectroscopy of in vitro transcribed mRNA
mRNA for CD was generated using the T7 mMessage mMachine kit (catalogue no. AM1344, Ambion, Austin, TX) and purified using the MegaClear Transcription Clean Up kit (catalogue no. AM1908, ThermoFisher Scientific). pcDNA plasmid constructs for hERG-NT and hERG-CM were digested using DraIII-HF (New England Biolabs), and vectors were purified using the Monarch PCR purification kit (catalogue no. T1030S, New England Biolabs). 1 g of digested plasmid was used per transcription reaction. RNA was then diluted to 50 ng/l in 1 M NaCl and 10 mM potassium phosphate. mRNA was folded by heating to 95°C and then cooled to 37°C for 15 min. CD spectra of refolded hERG-NT and hERG-CM samples were acquired with a JASCO J-815 spectrophotometer at room temperature (ϳ23°C) or at 70°C, where specified, in a cell with a 0.1-cm path length, a data pitch of 0.1 nm, scanning speed of 100 nm/min, response time of 1 s, and a bandwidth of 1 nm. Three separate mRNA samples from each construct were tested. Each sample was run six times to obtain the CD spectra. The results represent the average of 18 samples. The results are expressed in molar ellipticity [] as function of the wavelength [] ϭ 100 ϫ /(CI), where C is the molar concentration of the RNA species, and I is path length. Data from the JASCO is given in ellipticity. Graphical representation created using GraphPad Prism.
mRNA half-life determination
To determine mRNA half-life, the qPCR protocol described above was followed with the following modifications. Actinomycin-D (catalogue no. 11805017, ThermoFisher Scientific) was added to 6 wells of the 12-well plate at a concentration of 7.5 g/ml. RNA samples were then isolated from the cells at 0, 3, 6, or 12 h (or 12.5-sample 2), 24 h (or 24.5-sample 2) postactinomycin-D addition. cDNA was generated with 1/8 total isolated RNA rather than 2 g to account for reduction in total RNA in the cells at the later time points. Primer targets used to evaluate half-life were NT 1, 2, 4; CM 1, 2, 3; and 18S rRNA (for housekeeping control) and c-MYC (for positive actinomycin-D control). One-phase nonlinear regression on GraphPad Prism (La Jolla, CA) was performed to determine half-life.
mRNA transfection
hERG containing pcDNA 3.1ϩ plasmid was linearized with DRAIII (New England Biolabs) and purified with a PCR cleanup kit (catalogue no. T1030S, New England Biolabs). The HiScribe TM T7 ARCA mRNA kit (with tailing) (catalogue no. E2060S, New England Biolabs) was used to generate polyadenylated mRNA. mRNA was purified either by LiCl precipitation or by using the RNeasy mini kit (catalogue no. 74104, Qiagen) and resuspended in water. mRNA concentration was determined with a nanodrop spectrophotometer. HEK293T cells at ϳ80% confluency were transfected with mRNA using the Mirus TransIT transfection reagents (catalogue no. MIR 2225, Mirus Bio LLC, Madison). 2 l of TransIT-mRNA reagent and 2 l of mRNA Boost Reagent were complexed with 3 g of mRNA to transfect the cells of each well of a 12-well dish. Cells were lysed 13 h post-transfection.
Protein half-life determination
Approximately 3.5 ϫ 10 5 HEK293T cells were plated in a 6-well dish. The following day, cells were transfected with plasmid using FuGENE 6 in a manner as described above. 1-Day post-transfection, cells were starved of methionine by changing the media to methionine-free RPMI 1640 medium (Gibco) containing 10% dialyzed FBS (Sigma) with penicillin/streptomycin. 1 h later, L-azidohomoalanine (AHA) (Kerafast, Boston) was added into the wells (200 M concentration in solution) for 45 min. Standard growth media supplemented with 1 mM L-methionine (Acros, Bridgewater, NJ) replaced the "pulse" media. Cells lysates collected in 500 l of NDET buffer supplemented with protease inhibitor were transferred to the Ϫ20°C freezer at the time points indicated on the figure legend. After thawing, the lysates were centrifuged at 18,000 -21,000 ϫ g. Supernatants were transferred to new microcentrifuge tubes, and typically 1 g of hERG C20 antibody (catalogue no. sc-15968, Santa Cruz Biotechnology, Inc.) was added to each sample. After rocking for at least 2 h at room temperature 50 l of resuspended SureBeads TM Protein G Magnetic Beads (catalogue no. 1614023, Bio-Rad) were added to each tube, and the samples were incubated at 4°C overnight with constant agitation. The following day, the beads were washed with 950 l of chilled PBS (catalogue no. 10010-023, Gibco, Grand Island, NY). 35 l of PBS was then added to each tube, and a "click-it" reaction was performed in each tube using a click-it buffer reagent kit (ThermoFisher Scientific) to conjugate IRDye 800CW alkyne (ϳ10 M in solution, Li-Cor) onto the azido moiety-containing analogue of methionine. Following a 1-h incubation, the beads were washed with 950 l of prechilled PBS, resuspended in SDS-PAGE loading buffer supplemented with DTT, and then heated at 37°C for 30 min, and the samples were loaded into and separated on 7.5% SDS-polyacrylamide gels. The gels were directly scanned using the 800 channel of the Odyssey FC, and the obtained images were analyzed with the Image Studio Lite Version 5.2 program (Li-Cor) to determine the densitometry values. Subtle increases often detected in protein detection from the 0-to 1-h time points suggested residual methionine in the cells may not be immediately outcompeted by the excess unlabeled methionine; thus, the 1-h chase time point of both hERG-NT and hERG-CM was used to define 100% total protein. GraphPad Prism was then used to fit the data to a onephase decay analysis.
Quantification of nascent protein production
The protein half-life determination protocol described above was followed with various pulse lengths used, which are indicated on the figure legend. The no-chase step was performed, i.e. the cells were lysed immediately after the introduction of AHA at the indicated times. The 60-min time point was excluded from the linear regression analysis for the calculation of the slope representing the rate of protein synthesis as it was outside the linear range of detection under the conditions used.
Electrophysiology
For all electrophysiology experiments, HEK293T cells were transiently transfected with either hERG-NT or hERG-CM using the transfection protocol described above. Cells were plated on sterile glass coverslips 24 h after transfection and subsequently placed into an acrylic/polystyrene perfusion chamber (Warner Instruments, Hamden, CT). Chambers were mounted on an inverted microscope equipped with fluorescence optics and patch pipette micromanipulators. All recordings were done at room temperature (ϳ22°C) and at 48 -72 h post-transfection. Cells were bathed in extracellular solution (150 mM NaCl, 1.8 mM CaCl 2 , 4 mM KCl, 1 mM MgCl 2 , 5 mM glucose, and 10 mM HEPES buffer, pH 7.4). Intracellular solution was used in the micropipette (126 mM KCl, 4 mM Mg-ATP, 2 mM MgSO 4 , 5 mM EGTA, 0.5 mM CaCl 2 , and 25 mM HEPES buffer, pH 7.2). Patch-clamp pipettes with a tip resistance of ϳ2-3 megohms were used to obtain the whole-cell configuration (59) . A MultiClamp 700B amplifier (Molecular Devices, LLC, Sunnyvale, CA) was used, and patch-clamp protocols were performed through the pCLAMP10 acquisition and analysis software (Molecular Devices, Sunnyvale, CA). The pipette offset potential in these solutions was zeroed just prior to seal formation. Whole-cell capacitance (generally 10 -30 picofarads) was compensated electronically. Whole-cell series resistance was compensated to 85-90% using amplifier circuitry so that the voltage errors for currents of 2 nA were always less than 6 mV. A holding potential of Ϫ80 mV was used for patching and whole-cell configurations, and figure insets illustrate the voltage command protocol. The data filtering (8-pole Bessel) at 1.4 kHz and sampling at 5 kHz were done for both the activation and deactivation protocols. The channel activation protocol entails the membrane stepped to various depolarizing levels (Ϫ60 to 60 mV) for 1.5 s, then repolarized to Ϫ40 mV for 0.5 s, and finally hyperpolarized to Ϫ120 mV for 0.5 s. A voltage-dependent activation curve was generated by measuring the peak outward current at the Ϫ40 mV repolarizing step and plotted against the preceding activation voltage. The voltage-dependent activation (VDA) data were fit to a Boltzmann function: I ϭ 1/(1 ϩ exp((V1 ⁄ 2 Ϫ V)/k)), where I is the relative tail current amplitude; V is the applied membrane voltage; V1 ⁄ 2 is the voltage at half-maximal activation, and k is the slope factor. To determine the deactivation rate, a pulse depolarizing the membrane to ϩ20 mV was applied for 1.7 s, followed by voltage steps from Ϫ20 to Ϫ120 mV for 4.9 s. Deactivation of the current during the final voltage steps was fitted with a double-exponential function (I tail ϭ A 0 ϩ AMPF⅐exp t/F ϩ AMPS⅐exp t/S , where A 0 is the initial amplitude; AMPF and AMPS are the relative amplitudes of the fast and slow components, and F (fast Tau) and S (slow Tau) are the time constants (60) . All data were analyzed with CLAMPFIT software (Molecular Devices), and statistics were performed using GraphPad Prism software.
Data analysis
Unless otherwise noted, at least three independent experiments were carried out for each assay. Error bars represent standard deviation (S.D.) of the displayed mean value. Statistical significance is defined as p values Ͻ 0.05 using the analysis described in the figure legends. Analysis include t tests, one-or two-way ANOVAs, and comparison of fits of nonlinear regression analysis. Dunnett or Sidak multiple comparison tests were performed as described in the figure legends.
